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Abstract—The synthetic entry to new classes of dual fXa/thrombin and selective thrombin inhibitors with significant oral bioavail-
ability is described. This was achieved through minor modifications to the sulfonamide group in our potent and selective fXa
inhibitor (E)-2-(5-chlorothien-2-yl)-N-{(35)-1-[(1S)-1-methyl-2-(morpholin-4-yl)-2-oxoethyl]-2-oxopyrrolidin-3-yl} ethenesulfonamide
and these observed activity changes have been rationalised using structural studies.

© 2007 Elsevier Ltd. All rights reserved.

Factor Xa (fXa) and thrombin are key enzymes in the
coagulation cascade, and, in the search for orally active
anticoagulants with improved efficacy/safety profiles,
selective inhibitors of these enzymes are being exten-
sively investigated.! As trypsin-like serine proteases,
these enzymes exhibit a preference for basic groups to
bind in their primary specificity (S1) pockets. First gen-
eration inhibitors incorporated a highly basic P1 group
(e.g., benzamidine) to facilitate binding to Aspl89 at
the base of the pocket and whilst such compounds can
possess high affinity, they generally suffer from poor oral
pharmacokinetic profiles.

We recently reported a novel non-basic series of
N-{(35)-1-[(15)-1-methyl-2-morpholin-4-yl-2-oxoethyl]-2-
oxopyrrolidin-3-yl}sulfonamides with different P1
groups as orally active fXa inhibitors.> This series ex-
ploits an alternative interaction in S1, specifically that
between an aryl chloride and Tyr228,> and the (E)-2-
(5-chlorothien-2-yl)ethenyl analogue 1 was identified as
a candidate for further evaluation.?®

Compound 1 is a potent fXa inhibitor with good selec-
tivity (90-fold) against thrombin, and shows both good
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anticoagulant activity and promising oral pharmacoki-
netic profiles in both the rat and the dog.?® Interestingly
and unexpectedly, while investigating close structural P1
analogues of 1, we have now found that the correspond-
ing saturated analogue 2 is a potent, selective thrombin
inhibitor, whereas the corresponding 5-(chlorothien-2-
yl)prop-1-enyl analogue 3 is a potent dual inhibitor of
fXa and thrombin.* We report here the initial biological
profiles of these novel compounds. Furthermore, from
X-ray structural information on their binding modes
in fXa and thrombin we discuss insights gained of the
factors governing their different enzyme inhibitory
profiles.

Compounds 2 and 3 were synthesized as shown in
Scheme 1. The key intermediate amine 4, prepared from
N-CBZ-L-methionine by the previously described five-
step procedure,”® was readily converted into the second-
ary sulfonamides 1-3 by sulfonylation with appropriate
sulfonyl chlorides, RSO,Cl. Alternatively, 2 could be de-
rived from 1 by catalytic hydrogenation.

(E)-2-(5-Chlorothien-2-yl)ethenesulfonyl chloride was
prepared by the literature route,® whilst sulfonyl chlo-
rides 5 and 6 were generated as shown in Scheme 2.32
2-(5-Chlorothien-2-yl)ethanesulfonyl chloride 5 was
readily derived from 2-(5-chlorothienyl)ethanol®® by con-
version into the corresponding bromide and sequential
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Scheme 1. Reagents: (a) RSO,Cl, pyridine, MeCN; (b) (Ph3P);RhCI(I),
Hz, AcOH.
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Scheme 2. Reagents and conditions: (a) PhsP, CBry, 5°C, THF; (b)
Na,S03;, CH;COCH3, H,0, reflux; (c) POCls, 150 °C; (d) CH3SO;Et,
[(CH3)3Si[p,NLi, THF, —78°C; (e) CH3;SO3;H, DCM, 0°C; (f)
n-BugNI, CH;COCHj, reflux;®* (g) POCls, rt.®®

reaction with sodium sulfite and phosphorus oxychloride.
(1E)-2-(5-Chlorothien-2-yl)prop-1-ene-1-sulfonyl chlo-
ride 6 was prepared from 2-acetyl-5-chlorothiophene by
reaction with the lithiated anion of ethyl methanesulfo-
nate followed by acid-catalysed dehydration of the
derived alcohol and conversion of the resultant prop-1-
ene-1-sulfonate ester into 6 via an adaptation of literature
methods.®

In contrast to the potent, selective fXa inhibitor 1, the
saturated analogue 2 is a selective thrombin inhibitor
whereas the related (E)-2-(5-chlorothien-2-yl)prop-1-
enyl derivative 3 is a potent dual inhibitor of these en-
zymes. All three compounds possess good plasma-based
activities in both the PT and aPTT assays (Table 1) and
excellent selectivities against other trypsin-like serine
proteases tested (Table 2).

We have reported previously that 1 showed encouraging
pharmacokinetic profiles in rat and dog with high oral
bioavailabilities in both species.?® Pharmacokinetic
studies with 2 and 3 also revealed encouraging profiles

Table 1. fXa and thrombin inhibitory activities” and anticoagulant
potency8 for compounds 1-3

Compound fXa Thr 1.5x PT 1.5 aPTT
KioaM) K @M)  (uM) (uM)

1 4 367 1.2 1.3

2 154 17 2.6 1.6

3 2 2 0.54 0.32

Table 2. Selectivity profiles of compounds 1-3 expressed as ICs, values
(nM) against other trypsin-like serine proteases®

Compound aPC Plas Tryp Kall tPA

1 >20,000 >158,000 >158,000 15,800 >25,100
2 >25,100  >25,100 >25,100 >25,100 >25,100
3 >25,100 20,000  >25,100 5010 5010

#1Csq values (nM) from fluorogenic assays for all compounds. aPC,
activated protein C; Plas, Plasmin; Tryp, Trypsin; Kall, Kallikrein;
tPA, tissue plasminogen activator.

for these analogues with good oral bioavailabilities in
these species (Tables 3 and 4).

These profiles made 2 and 3 attractive starting points for
programmes of work directed towards novel series of
orally active thrombin or dual thrombin/fXa inhibitors,
respectively. Indeed, whilst other series of dual throm-
bin/fXa inhibitors have recently been described,* the
profile of the novel, non-basic, inhibitor 3 is the first
example of a potent dual inhibitor exhibiting similar
potencies against each enzyme coupled with promising
oral pharmacokinetic profiles in preclinical species.

Structural studies were undertaken with these com-
pounds to provide insight into the basis of the highly
interesting differences in enzyme activities and to facili-
tate a rational programme of structure-based design to
exploit these fascinating results.

An X-ray crystal structure of 1 bound into fXa confirmed
the expected binding mode for this class of inhibitors?®
with the molecule unambiguously fitted to the F, — F,
electron density map.'? Thus, the chlorothienyl group is

Table 3. Pharmacokinetic parameters of 1-3 in male Sprague-Dawley
rats following intravenous and oral administration’

Compound tpt Clp® Vs o
(h) (ml/min/kg) (L/kg) (%)

1 0.7 8 0.3 75
0.3 28 0.8 31

3 0.3 21 0.4 32

#1175, half-life of the test compound expressed in hours.

® Clp, plasma clearance of the test compound expressed as mL/min/kg.

¢ Vs, steady state volume of distribution of test compound expressed as
L/kg.

4 F, oral bioavailability of test compound expressed as percentage.

Table 4. Pharmacokinetic parameters of 1-3 in female® Beagle dogs
following intravenous and oral administration’

Compound h' Clp° Vesr F
(h) (ml/min/kg) (L/kg) (o)

1 1.2 4.6 0.4 53
0.5 13 0.5 38

3 0.6 5.7 0.3 43

#1175, half-life of the test compound expressed in hours.
® Clp, plasma clearance of the test compound expressed as mL/min/kg.

¢ Vs, steady state volume of distribution of test compound expressed as

L/kg.
4 F, oral bioavailability of test compound expressed as percentage.

¢Data on compound 1 were generated in male dogs.
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located in S1 where the chlorine atom makes the key
interaction with Tyr228. The pyrrolidinone carbonyl
group makes a conserved water-mediated interaction
with Ser214 and the morpholine-alanylamide group fits
into the S4 pocket formed by Phel74, Tyr99 and Trp215

(Fig. 1).

Similarly, an X-ray crystal structure of 1 complexed
with thrombin revealed similar binding interactions for
the P1 group and the carbonyl group of the central tem-
plate although the sulfonamide is in a slightly altered
position. In contrast, the P4 group adopts a different ori-
entation and the morpholine ring occupies the S2 pocket
formed by the 60’s loop and S3 is unoccupied (Fig. 2).
The S3 pocket, whilst lined by different residues, is avail-
able for binding so this different binding mode was
unanticipated.!! Significantly, the pendant alanine-de-
rived methyl was orientated towards the S3 pocket,
which provided a clear impetus for exploring larger
substituents likely to enhance thrombin activity.*®

To determine whether this new binding mode occurred
for all three compounds in thrombin the complex struc-
tures of 2 and 3 were determined.'! The structures

10

Figure 2. X-ray crystal structure of 1 complexed with thrombin.'!
Compound 1 bound to fXa (protein superposed) is shown in thin lines
for reference.

showed that all three compounds bind to thrombin with
an identical binding mode to 1 (Fig. 3a). The pairwise
RMSD between 1 and the other two inhibitors (con-
served atoms) bound in thrombin having superposed
the protein is 0.2 A (2) and 0.3 A (3) with a maximum
distance between equivalent atoms of only 0.4 A (for
one of the carbon atoms in the morpholine ring). Since
the binding modes are identical it seemed plausible that,
the difference in thrombin inhibitory activity for the
three compounds could be due to the conformational
preference of the 5-chlorothienyl-based sulfonamides.
Ab initio calculations using model systems for 1, 2 and
3 have clearly indicated that this is the case.!!

It was noted that the position of the sulfonamide is dif-
ferent in the complex structures of 1 in fXa and throm-
bin (Fig. 2). This difference in position results in a
different conformation of the 5-chlorothienyl-ethenyl
group in fXa compared to thrombin. The results from
the previously mentioned ab initio calculations!' can
be applied to this different conformation of 1 in fXa
where the torsion angle (C=C)—(S=O0) is approximately
110°. Assuming the binding mode for all three com-
pounds remains the same, 1 and 3 are predicted to have
energetically favourable conformations whilst there
would be a significant energy penalty for the bioactive
conformation of 2. This might be expected to result in
fXa inhibitory activities for 1 and 3 to be improved com-
pared to 2 and this is in fact what is observed (Table 1).

This analysis is based on the assumption that the com-
pounds maintain the same binding modes in fXa. The
complex structures of 2 and 3 were undertaken to deter-
mine whether this was in fact the case. 2 was observed to
bind to fXa in the same binding mode as 1. RMSD cal-
culated between 1 and 2 with protein atoms superposed
is 0.4 A. The binding mode of 3 in fXa, however, was
seen to be different to that of 1 and 2 at the sulfonamide.
Thus, whilst the chlorine atom interacts with Tyr228,
and the central pyrrolidinone template and morphol-
ine-alanylamide group make interactions analogous to
those seen in the complex of 1 with fXa, the sulfonamide

Figure 3. Superposition of protein bound molecules. (a) Superposition
of 1 (grey), 2 (brown) and 3 (orange) in thrombin. (b) Superposition of
1 (thin grey), 2 (brown) and 3 (thick grey) in fXa.
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adopts a conformation similar to that observed for all
three compounds in thrombin (Fig. 3). As was seen for
thrombin this alternate conformation is also energeti-
cally favourable. The additional atom in this molecule
compared to 1 and 2 also results in additional non-spe-
cific interactions in the S1 pocket.

In summary, close analogues of the potent selective fXa
inhibitor 1 have been identified as a potent and selective
thrombin inhibitor 2 and potent dual inhibitor of fXa
and thrombin 3; both show excellent plasma-based
activities and promising oral pharmacokinetic profiles
in both the rat and the dog. The binding modes of all
three compounds in fXa and thrombin have been unam-
biguously determined from X-ray crystallographic stud-
ies and these have provided insights into factors
affecting their different selectivity profiles. The further
evaluation of 2 and 3 and exploitation of these findings
will be reported in future publications.
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